Introduction {#sec1-1}
============

The ovarian surface epithelium (OSE) is a single mesothelial layer of cuboidal and squamous cells, which is derived from the coelomic layer along with the lining of the peritoneal cavity.^[@ref1]^ Cell proliferation occurs at the epithelial surface above the developing preovulatory follicle to accommodate the increase in follicular size, and again after ovulation, to repair the surface.^[@ref2]^ Electron microscopy of normal human ovaries reveals that the epithelium consists of two distinct cell types, cuboidal type A cells and squamous type B cells, each occupying discrete zones in the epithelium. These two cell types are observed in both mouse^[@ref3],[@ref4]^ and human OSE.^[@ref5]^ Cuboidal cells may divide and migrate to cover the wound site caused by ovulation; and squamous cells would be expected to increase as the number of ovulations increased.^[@ref4],[@ref5]^ Human OSE appears to differ from mouse OSE in that human type B cells are associated with past ovulation episodes. During the reproductive life of a woman, invagination of the surface epithelium into the cortical stroma gives rise to epithelial crypts and inclusion cysts.^[@ref6]^ These structures are considered preneoplastic and may facilitate malignant transformation of entrapped OSE by generating a microenvironment enriched with growth factors, cytokines and hormones.^[@ref7],[@ref8]^ The OSE cells also secrete chymotrypsin-like and elastase-like peptidases, metalloproteases and plasminogen activator inhibitor, which may facilitate ovulatory rupture *in vivo*.^[@ref9]^ Notably, the OSE expresses integrins that bind to laminin, collagens, fibronectin and vitronectin, and these interactions may play a role in the adhesion, spreading, proliferation and matrix reconstitution of normal OSE following postovulatory ruptures. As the ovary is a rich source of multiple hormones, and normal OSE and ovarian carcinomas secrete and have receptors for hormones, growth factors and cytokines, these factors are strong candidates to regulate normal OSE physiology and the transformation and progression of ovarian cancers.^[@ref6]^

Nerve growth factor (NGF) is one kind of neurotrophins (NTs) which are mainly involved in the survival and development of discrete neuronal populations in the central and peripheral nervous system.^[@ref10]^ The biological function of NGF requires two receptors: p75 and tyrosine kinase A (TrkA). P75 is the low affinity receptor for NGF and belongs to the tumor necrosis factor receptor superfamily.^[@ref11]^ TrkA is the high affinity receptor for NGF and belongs to the tyrosine protein kinase receptor family.^[@ref12]^ Accumulating studies to date suggest that the function of NGF is not only limited to the nervous system, but also extends to nonnervous systems, including the male and female reproductive systems.^[@ref13]^ Evidence indicates that NGF and its receptors play a critical role in development of the mammalian ovary, oogenesis and folliculogenesis.^[@ref16]^ However, the expressions of NGF and its receptors TrkA and p75 in the OSE of a seasonal breeder are unclear.

The wild ground squirrel (*Citellus dauricus* Brandt) is a typical seasonal breeder which have a strict and extremely compressed breeding period (for females, it consists of estrous period and pregnancy) from April to May and a long period of sexual dormancy from June to the following March including a 6-month hibernation period.^[@ref22]^ The wild female ground squirrel exhibits estrus immediately after emergence from hibernation in spring, and has a gestation period of 28 days.^[@ref23],[@ref24]^ Although many observations on the regulatory roles of NGF and its receptors on ovarian function exist, the mechanisms of ovarian function and especially its role in the seasonal ovarian function changes, such as OSE cell survival and differentiation are not well understood. Our previous study found that immunoreactivities of NGF, TrkA and p75 in the ovary were high in the breeding season and then decreased in the nonbreeding season, suggesting that they may be involved in regulation of seasonal ovarian function changes in the wild ground squirrel.^[@ref25]^ To test that hypothesis, we evaluated the morphology of OSE and the immunolocalization of NGF and its receptors trkA and p75 in OSE of the wild ground squirrel during breeding and nonbreeding periods and thereby gained a better understanding of the relationship between NGF system and OSE function changes in the wild ground squirrel.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

All animal procedures were carried out in accordance with the Policy on the Care and Use of Animals by the Ethical Committee, Beijing Forestry University and approved by the Department of Agriculture of Hebei province, China (JNZF11/2007). Adult wild female ground squirrels (body weight between 242 and 412 g) were captured between April 13 and 20 (10.2 h of daylight) after emergence from hibernation in the breeding period (n=10) and on June 9 (12.6 h of daylight) in the nonbreeding period (n=8) of 2009 in Hebei Province, China. Animals were anesthetized with 4% isoflurane and blood samples were rapidly collected from a leg vein with heparin sodium. Plasma samples were frozen and stored at -20°C, after the blood samples were centrifuged (3000 g, 20 min at 4°C). An overdose of pentobarbital (BioDee Co., Beijing, China) was applied afterwards for euthanasia. Ovaries were quickly removed and dissected. Length, width and weight of each ovary were measured. One ovary from each animal was fixed in 0.05 M phosphate-buffered saline (PBS, pH 7.4) containing 4% paraformaldehyde for histological and immunohistochemical observations. The remaining ovaries were viewed by scanning electron microscopy (SEM).

Histology {#sec2-2}
---------

Ovarian samples were dehydrated in ethanol series and embedded in paraffin wax. Serial sections (4 µm) were mounted on slides coated with poly-L-lysine (Sigma Chemical Co., St. Louis, MO, USA). Observations of general histology were by standard hematoxylineosin (HE) staining. The sections were screened using an Olympus photomicroscope with a ×20 objective lens and imaged with software Image-Pro Plus 4.5 (Media Cybernetics, Bethesda, MD, USA). Every one in ten serial sections, and altogether 50 and 30 sections for the breeding and nonbreeding season ovary respectively were selected for follicle identification and quantification. Six random vision fields were selected per section.

Scanning electron microscopy {#sec2-3}
----------------------------

Following dissection, ovaries were fixed in 2.5% (v/v) gluteraldehyde and 1% (v/v) osmium, and then dehydrated through a graded ethanol series. After the critical point-dried was carried out, the tissues were mounted on aluminum stubs and sputter-coated with gold palladium and then observed using a Hitachi S34Q SEM (Hitachi Corp., Tokyo, Japan).

Immunohistochemistry {#sec2-4}
--------------------

The ovarian serial sections were incubated with 10% normal goat serum to reduce nonspecific binding of primary antibodies and background staining caused by the secondary antibody. The sections were then incubated with polyclonal primary antibody against NGF (0.4 lg/mL, M-20), TrkA (2 lg/mL, 763) or p75 (2 lg/mL, H-92) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 12 h at 4°C, and incubated with the second antibody, goat anti-rabbit IgG conjugated with biotin and peroxidase with avidin for 1 h at room temperature. The sections were visualized using a rabbit ExtrAvidin™ staining kit (Sigma) in 150 mL of 0.05 M Tris--HCl buffer containing 30 mg 3, 3-diaminobenzidine (Wako, Tokyo, Japan) plus 30 µL H~2~O~2~. Finally, the sections were counterstained with hematoxylin (Merck, Tokyo, Japan) and NGF, TrkA and p75 were detected, respectively. The control sections were treated with normal rabbit serum (Sigma) instead of the primary antibody. The immunostained slides were scanned using the software Image-Pro Plus 4.5 (Media Cybernetics, Inc., Silver Spring, MD, USA) at 20× magnification. The specificity of NGF and its receptors, TrkA and p75 antibodies have been described previously.^[@ref25],[@ref26]^ The immunohistochemical staining was determined as positive (+), strong positive (++), very strong positive (+++) and negative (-). Staining that was weak but higher than control was set as positive (+); the highest intensity staining was set as very strong positive (+++); staining intensity between + and +++ was set as strong positive (++).

Hormone assays {#sec2-5}
--------------

Plasma concentrations of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) were measured by double-antibody RIA systems using ^125^I-labeled radioligands with a rabbit antiserum against human FSH (\#6; provided by NIDDK NIH, Bethesda, MD, USA) and a rabbit antiserum against ovine LH (YM \#18; provided by Dr. Y. Mori, Laboratory of Veterinary Ethology, University of Tokyo). The intra- and inter-assay coefficients of variation were 9.2% and 13.2% for FSH and 8.8% and 13.0% for LH, respectively.

Statistical analysis {#sec2-6}
--------------------

Statistical analysis was performed using the Student's *t*-test. Values of P\<0.05 were considered as significant.

Results {#sec1-3}
=======

Morphology and histology {#sec2-7}
------------------------

Morphological and histological observations of ovaries during the breeding and nonbreeding seasons are shown in [Figure 1](#fig001){ref-type="fig"}. Both the ovarian volume and weight were markedly higher in the breeding season than in the nonbreeding season ([Figure 1 a](#fig001){ref-type="fig"},[b](#fig001){ref-type="fig"}). Morphological observations by SEM showed that the breeding season ovary was significantly larger than that in the nonbreeding season ([Figure 1 c](#fig001){ref-type="fig"},[d](#fig001){ref-type="fig"}). All types of follicles as well as *corpora lutea* were seen in ovary of the breeding season ([Figure 1e](#fig001){ref-type="fig"}), whereas primary and secondary follicles dominated the nonbreeding season ovary with very few tertiary and none mature follicles ([Figure 1f](#fig001){ref-type="fig"}).

Scanning electron microscopy {#sec2-8}
----------------------------

The cuboidal cells and squamous cells of the wild ground squirrel ovaries were observed during both breeding and nonbreeding seasons ([Figure 2](#fig002){ref-type="fig"}). There were the existences of cuboidal cells, which are shaped like cubes ([Figure 2 a](#fig002){ref-type="fig"},[b](#fig002){ref-type="fig"}, yellow circle), and squamous cells ([Figure 2 a](#fig002){ref-type="fig"},[b](#fig002){ref-type="fig"}, red circle) on the surface of ovaries between the breeding and nonbreeding seasons. The enlargement images of cuboidal cells ([Figure 2c](#fig002){ref-type="fig"}) and squamous cells ([Figure 2d](#fig002){ref-type="fig"}) were shown separately. These results showed that cuboidal cells and squamous cells also existed on the ovary of wild ground squirrel during the breeding and nonbreeding seasons.

Immunohistochemistry {#sec2-9}
--------------------

Immunostaining of NGF, TrkA and p75 was evaluated in OSE cells during the breeding and nonbreeding seasons ([Figure 3](#fig003){ref-type="fig"}). During the breeding season, NGF and TrkA was expressed in the cuboidal cells and the squamous cells ([Figure 3 b](#fig003){ref-type="fig"},[c](#fig003){ref-type="fig"},[f](#fig003){ref-type="fig"},[g](#fig003){ref-type="fig"}). In particular, very strong immunoreactivity of TrkA was detected in the breeding period ([Figure 3 f](#fig003){ref-type="fig"},[g](#fig003){ref-type="fig"}). In contrast, OSE cells during the nonbreeding season showed relatively weak immunostaining for NGF and TrkA ([Figure 3 j](#fig003){ref-type="fig"},[k](#fig003){ref-type="fig"},[n](#fig003){ref-type="fig"},[o](#fig003){ref-type="fig"}). Positive p75 staining was observed for cuboidal cells in the breeding season ([Figure 3p](#fig003){ref-type="fig"}) but not in other types of OSE cells ([Figure 3 d](#fig003){ref-type="fig"},[h](#fig003){ref-type="fig"},[i](#fig003){ref-type="fig"}). In the negative control, no signal was detected in the OSE cells during the breeding and nonbreeding seasons ([Figure 3 a](#fig003){ref-type="fig"},[e](#fig003){ref-type="fig"},[i](#fig003){ref-type="fig"},[m](#fig003){ref-type="fig"}). The immunoreactivity of each staining is summarized in [Table 1](#table001){ref-type="table"}.

Plasma concentration of LH and FSH {#sec2-10}
----------------------------------

The profiles of plasma LH and FSH are shown in [Figure 4](#fig004){ref-type="fig"}. Plasma LH and FSH concentrations were all remarkably higher in the breeding season compared to the nonbreeding season ([Figure 4 a](#fig004){ref-type="fig"},[b](#fig004){ref-type="fig"}).

Discussion {#sec1-4}
==========

This is the first study to investigate the immunolocalization of NGF and its two receptors TrkA and P75 in OSE cells of the wild ground squirrel during the breeding and nonbreeding seasons. We found that immunoreactivity levels for NGF, TrkA and P75 in OSE were positively correlated with the plasma concentrations of FSH and LH. These findings suggest that NGF and its receptors TrkA and P75 may be involved in the regulation of seasonal OSE changes in the wild ground squirrel.

The cyclic alternation between growth and involution of glands is a well-known phenomenon. The seasonality of ovarian mass shown in the present study agrees with other reports in this species.^[@ref25],[@ref27]^ In the present study, we observed ovarian recrudescence and regression in the wild ground squirrels as judged by ovarian weight and size with significantly high weight and size in the breeding season. In addition, the histological analysis of folliculogenesis showed that primary follicles, secondary follicles, antral follicles, post-antral follicles and *corpus lutei* were present in the breeding season, but only preantral follicles existed in the nonbreeding season. These observations demonstrate that differences in follicular development exist in the ovaries of the seasonal reproductive animal. The ovary is a rich source of multiple hormones, growth factors, and cytokines that are thus often at a higher intra-ovarian concentration than that in the serum and thus are strong candidates to regulate the OSE.^[@ref6]^ It is reported that the OSE can secrete many growth factors, such as epidermal growth factor (EGF), transforming growth factor (TGF), insulin-like growth factor (IGF) and platelet derived growth factor (PDGF).^[@ref28]^ These findings suggest that such growth factors also are strong candidates to regulate normal OSE physiology and the transformation and progression of ovarian cancers. In the present study, immunohistochemical analysis of OSE cells during the breeding and nonbreeding seasons demonstrate their capability to synthesize and secrete NGF and its receptors proteins in wild ground squirrels. Moreover, the immunostaining of NGF and its receptors TrkA and p75 were stronger in the breeding season as compared to the nonbreeding season, implying that the NGF system may be involved in regulation of OSE proliferation as well as ovarian recrudescence and regression. The female reproductive system undergoes a number of programmed cyclical processes during the ovulatory cycle. The OSE cells actively participate in the cyclical ovulatory rupture and repair processes. NGF and its receptors, under the influence of gonadotropins and/or ovarian hormones, play a crucial regulatory role in these processes.^[@ref32]^ The roles of NGF and its receptors in ovary of the wild ground squirrel have been studied, indicating *in situ* synthesis and secretion of NGF and its receptors in ovaries of the wild ground squirrel, where the role of NGF might be mediated via both receptors TrkA and P75 to affect follicular development.^[@ref25]^ Moreover, the expression levels of NGF and its receptors, TrkA and p75, were significantly higher in the breeding season compared to the nonbreeding season, suggesting that the NGF system may be involved in the regulation of ovarian function changes.^[@ref25]^ The OSE plays an important role in normal ovarian physiology. During each reproductive cycle, the OSE takes part in the cyclical ovulatory ruptures and repair and OSE on the preovulatory follicle undergoes apoptosis at the time of ovulation.^[@ref35]^ The present findings that NGF and its receptors were expressed in OSE cells of the wild ground squirrel during the breeding and nonbreeding seasons imply that NGF and its receptors contribute to events either leading to or associated with the ovulatory process in wild ground squirrels.

There is increasing evidence for indirect effects of gonadotropins on OSE proliferation via cross-talk with growth factors.^[@ref6]^ The high-density OSE cell culture might resemble the microenvironment of preovulatory OSE cells and, in response to FSH and LH, the OSE undergoes apoptosis whereas the sparse or subconfluent OSE cells might mimic the ruptured the OSE cells and gonadotropins may have different effects, including stimulation of OSE proliferation.^[@ref6]^ In addition, FSH- and hCG-stimulated steady state levels of keratinocyte growth factor (KGF), hepatocyte growth factor (HGF) and Kit ligand mRNA in bovine OSE cells suggest that the effects of gonadotropins could be mediated by the local release of growth-promoting factors.^[@ref36]^ Previous studies demonstrated that treatment with FSH and LH significantly increased EGF receptor mRNA and protein in preneoplastic OSE, indicating that this regulation of the mitogenic activity of stimulatory growth factors such as EGF may be a mechanism by which gonadotropins promote ovarian cancer development in terms of neoplastic conversion and growth potential.^[@ref6],[@ref37]^ Evidence also indicates that perimenopausal OSE could express FSHR. NGF might deregulate expression of FSHR in the OSE and secretion of FSH from the pituitary.^[@ref38]^ In addition, human epithelial ovarian cancer showed high NGF expression, as NGF regulates calreticulin protein levels in epithelial ovarian cells through TrkA receptor activation.^[@ref39]^ Therefore, the present results provide experimental evidences that, correlated with FSH and LH levels, the stronger positive staining of NGF, trkA and p75 in the OSE cells during the breeding season supports the view that the effects of growth factors on the OSE are regulated by gonadotropins.^[@ref40]^In summary, the correlation between changes in the immunoreactivity of NGF, trkA and p75 and plasma FSH and LH concentrations in this study suggest that the NGF system may be involved in regulation of seasonal changes in the OSE of wild ground squirrels.
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![Morphological and histological features of ovarian tissues of the wild ground squirrel during the breeding and nonbreeding seasons. Ovarian volume (a) and weight (b). Morphological observations of ovaries in the breeding season (c) and the nonbreeding season (d). Primary follicle, secondary follicle, dominant follicle and corpus luteum in the ovaries of the breeding season (e). Primary follicles and secondary follicles in the ovaries of the nonbreeding season (f). B, breeding season; NB, the nonbreeding season; PF, primary follicle; SF, secondary follicle; AF, antral follicle; CL, *corpus luteum.* \*P\<0.05. Scale bars: c,d) 50 μm; e,f) 200 µm.](ejh-2014-2-2363-g001){#fig001}

![Evaluation of cuboidal cells and squamous cells on the ovarian surface. The ovarian surface epithelium was viewed by SEM in the breeding season (a) and nonbreeding season (b). The location of cuboidal cells and squamous cells are indicated by red and yellow circles respectively. Also shown are magnified views of the cuboidal cells (c) and squamous cells (d). Scale bars: a,b) 500 µm; c,d) 10 µm.](ejh-2014-2-2363-g002){#fig002}

![Immunohistochemical localization of NGF ligand and receptors in the ovarian surface epithelium during the breeding (B) and nonbreeding (NB) seasons. The first column (a,e,i,m) represents negative control staining; the second column (b,f,j,n), the third column (c,g,k,o), and the fourth column (d,h,l,p) represent immunostaining with antibodies against NGF, TrkA and p75, respectively. SC, squamous cell; CC, cuboidal cell. Scale bars: 50 µm.](ejh-2014-2-2363-g003){#fig003}

![Plasma LH (a) and FSH (b) levels in wild ground squirrel during the breeding period (B) and nonbreeding period (NB). Bars represent means + SD for five independent experiments. \*P\<0.05.](ejh-2014-2-2363-g004){#fig004}

###### 

Results of immunohistochemistry in the ovarian surface epithelium.

                       NGF    trkA   p75                 
  -------------------- ------ ------ ----- ------ ------ ------
                       May    July   May   July   May    July
  Squamous OSE cells   ++/+   ++     +++   \+     ++/+   \+
  Cubodial OSE cells   ++/+   /      ++    /      \+     /

NGF, nerve growth factor; OSE, ovarian surface epithelium; -, negative staining; +, staining; ++, strong positive staining; +++, very strong positive staining; /, no such cell type.
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